Generation of steady-state solid aerosol jets with controllable parameters is often necessary in experimental studies and industrial processes. Most of the current approaches use a uidized bed to produce an aerosol ow and always introduce initial turbulence into the jet. To produce a laminar aerosol jet, ow straighteners and long tubes are used that make the design cumbersome and in exible. In addition, in a uidized bed-type system, the aerosol number density and gas ow rate are inherently interdependent. In a new apparatus described in this paper, metal aerosol is produced using an electrostatic recharging of particles in a DC electric eld of a parallel plate capacitor, a so-called electrostatic particulate method. The powder is aerosolized within the capacitor without using any gas ows and only a small velocity, a laminar gas jet is used to carry the aerosol away from the chamber through a small nozzle made in the top plate of the capacitor. It is shown that the aerosol number density is controlled by an electric eld, independently of the gas ow rate. The usefulness and exibility of the new technique for the aerosol combustion studies is demonstrated. Preliminary results on characterization of the produced small-scale, laminar, premixed, lifted aluminum-air ames are reported. The ame propagation velocities are measured and compared to the earlier results; overall ame dimensions and radiation pro les are determined. Individual particle ame zones are visualized in the aluminum-air aerosol ame for the rst time.
INTRODUCTION
In many industrial processes that use particulate matter it is necessary to provide continuous laminar ows of solid aerosols with stable and controllable parameters. Relevant examples in-clude coating technologies where aerosol particles can serve either as a coating or as a substrate, techniques of particle size classi cation or separation, synthesis of powders, and nano-powders using combustion or evaporation of solid aerosols. Generation of stable laminar aerosol ows is also often needed in experimental research, for example in studies of aerosol combustion. It seems that one of the main practical dif culties in producing such aerosol ows is in the combination of a well-controlled powder feeder with an independently controlled gas ow system. Only several relevant experimental setups have been described in the literature (e.g., Cassel 1964; Ballal 1983; Goroshin et al. 1991 Goroshin et al. , 1996 Kim 1989 ) that use a uidized bed-type system to produce an aerosol. In a uidized bed, the aerosolizing of powders is usually accompanied by a turbulent ow pattern so that fairly sophisticated and relatively long length ow systems are required to produce a laminar aerosol ow at the exit of the system. This type of setup signi cantly restricts both the number densities of the produced aerosols ( ow instabilities are developed at the high number densities) and the size ranges of the aerosolized particles (gravitational settling becomes important for the larger particles). In addition, the gas ow velocity and the aerosol mass concentration are inherently interdependent in the uidized bed so that the range of aerosol concentrations produced at a particular ow velocity is limited. A rst device using electrostatic forces to disperse powders and capable of generating laminar aerosol ows was described by Kim (1989) . A powder was aerosolized between 2 horizontal mesh electrodes. Particles were supplied by a mechanical feeder and charged when passed through the bottom electrode. Charged particles were lifted by the Coulomb force to form an aerosol. A carrier gas was blown into the interelectrode space, and the aerosol exited through the top electrode. The experiments aimed at the generation of stable aerosol at ames were hindered by a number of dif culties, including control of the particle velocities and mechanical delivery of the irregularly-shaped particles.
This paper describes a novel device that generates a wellcharacterized, laminar aerosol jet. The described device, similar to the setup developed by Kim (1989) , uses the electrostatic particulate method (Colver 1980; Colver et al. 2001; Myazdrikov 1984) to aerosolize the powder. An improved design enabled us to eliminate some of the problems reported earlier for this method, e.g., charged particle deposition on side walls of the dispersion system and particle agglomeration. The developed device does not contain any moving parts, which eliminates the usual problems of mechanical powder delivery, e.g., jams or wear on mechanical parts. The device allows one to control independently the aerosol mass concentration (or number density) and the jet velocity and is capable of working with an extremely wide range of particle sizes and aerosol concentrations. The principles of operation, design, bene ts, and potential applications of the new device are described below. A theoretical model of the processes occurring in the electrostatic particulate method is presented that describes the main features of the developed aerosol dispersion system. An example of using the new device as an aerosol burner enabling one to characterize aluminum aerosol ames is also brie y described. Figure 1 . Schematic design diagram of the aerosol feeder. The aerosol jet is shown to be fed into a ame zone to produce a steady, laminar aerosol ame.
AEROSOL FEEDER DESIGN
An aerosol is produced within a parallel plate capacitor that is the central part of the aerosol feeder. A DC high voltage is applied to the capacitor, and when a conductive particle contacts one of the electrodes it becomes charged and therefore repelled from that electrode. It is also attracted to the opposite charge electrode, so it moves toward it and recharges upon the collision. This process continues while the voltage between the electrodes is maintained, so that the particles are aerosolized as a result of their round-trip motion between the capacitor plates. The process has been termed the electrostatic particulate method (Colver et al. 2001) and is known to produce aerosols of conductive powders.
The design of the new aerosol feeder is shown schematically in Figure 1 . The bottom plate of the capacitor has a concave shape to create a higher electric eld along the perimeter of the plate, preventing the powder from escaping the capacitor. Note that it is not practical to contain the aerosol using side walls around the electrodes because the conductive aerosol particles would deposit on the walls and cause electrical breakdown.
In order to control the gas environment, the capacitor is placed inside a transparent chamber made of a polycarbonate tube. The number density of the produced aerosol can be monitored both optically and by measuring the DC current through the capacitor. A top plate of the capacitor, that is also the top surface of the chamber, has a small hole (nozzle) in its center. An air or inert gas is fed to the chamber through a ow control system and feedthroughs at the bottom of the chamber. When the gas starts entering the chamber, a laminar ow of the particle-laden gas exits through the nozzle in the top plate of the capacitor. Different diameter nozzles (e.g., plates with different diameter holes) can be used to obtain different aerosol jet diameters. The diameters of the used nozzles were much smaller than the diameters of the capacitor plates, so each particle experienced multiple collisions with electrodes before it exited the capacitor. The multiple particle/electrode collisions were essential in destroying particle agglomerates that could have been a problem in the earlier designs (Kim 1989) . Because the powder is aerosolized within the capacitor without using any gas ows (unlike the uidized bed), only a small velocity, laminar gas ow is required to carry the aerosol out of the chamber. This constitutes one of the main advantages of the new setup that does not produce any gas turbulence, does not require a complicated nozzle design, and avoids the honeycombs or long tubes that are usually needed to produce a laminar ow. At the same time, a variety of aerosol concentrations and particle sizes can be fed into the laminar ow, including high concentrations and large size particles that are impossible to combine with the laminar ows using the uidized bed-type feeders. Another important advantage of this system is the ability to independently control the aerosol number density (by adjusting the electric eld, as described below) and the gas ow rate, whereas in all of the uidized bed setups these 2 controls are inherently interdependent.
An additional plate above the top electrode forms a small plenum with a larger coaxial hole above the nozzle, as shown in Figure 1 . Therefore an additional (external shroud) gas is fed around the primary aerosol jet, which greatly enhances the ow stability and exibility of the system. For example, this allows one to safely disperse powder in the inert gas medium and to feed aerosol into the highly reactive environment. In the combustion experiments, this makes it possible to produce both premixed and diffusion aerosol ames.
OPERATION PRINCIPLES OF THE ELECTROSTATIC POWDER DISPERSION SYSTEM
The mechanism of production of aerosol of electrically conducting particles between the plates of a parallel plate capacitor is straightforward for a single particle, as described above. However, when the number density of the aerosol inside the capacitor increases, certain particle interaction processes start affecting the aerosol production, even when the mechanical collisions between the particles remain negligible. These interaction effects limit the overall number density of the aerosolized particles that can be lifted at a xed voltage between the capacitor plates. If more powder is loaded on the bottom plate of the capacitor, the excess powder remains on the electrode and serves as a powder reservoir. When the aerosol jet exits the chamber, new powder from the bottom electrode is aerosolized so that the maximum aerosol number density is maintained. Therefore production of a jet with a steady aerosol concentration becomes possible.
The processes resulting in the formation of the constant maximum aerosol number density are described below. First, a qualitative description is given that is followed by a simpli ed analytical model.
Once the particles start to move between the capacitor's plates, the presence of gravity results in a difference between the velocities of the particles moving up and down. For example, shown in Figure 1 , the gravity coincides with the electric force for the particles moving down (charged negatively) and is opposite to the electric force for the particles moving up (charged positively). Therefore the resulting average speed of the negatively charged particles starts to exceed the average speed of the positively charged particles. At the same time, the aerosol ow is continuous and thus the asymmetry between the velocities of positively and negatively charged particles results in the formation of an overall distributed positive charge within the capacitor. This charge shields the electric eld in the capacitor and the effect becomes stronger with the increase in the overall number density of the dispersed powder. In order to continue aerosolizing the particles placed at the bottom electrode, the electrostatic force at the bottom electrode should exceed the gravity force. Therefore when more and more particles are added to the aerosol, there is a maximum number density at which the new particles stop being lifted from the bottom plate unless the external voltage applied to the capacitor is increased.
The existence of the upper limit for the number density of the electrically uidized powder has been observed by Colver (1980) and Myazdrikov (1984) , but the mechanisms of this phenomenon have not been well explained. It was noted that the maximum limit of the aerosol number density (or mass concentration) could be caused by the shielding of the applied electric eld by the distributed charge produced by the aerosol. A similar effect was theoretically treated by Colver (1980) for the uniformly charged aerosol particles dispersed above the single electrode. However, no model has been developed for the mechanisms of distributed charge formation in the case of powder aerosolized between 2 electrodes when both positively and negatively charged particles are produced.
A theoretical model presented below and based on the qualitative picture described above predicts the limited aerosol number density as a function of the voltage and distance between the electrodes.
The following simpli ed assumptions have been made to describe the production of the electrically dispersed aerosol: I. A one-dimensional problem is considered; II. The local electric eld is averaged over a small volume that still contains many particles;
III. All the particles have the same radius, r; IV. The particle velocity relaxation time is small compared to the time of particle travel between the electrodes. In other words, the particle acceleration at each instant between the collisions is negligible and the particle velocity is equal to the local settling velocity. V. Particle charging during collision occurs quickly, ¿ charging < ¿ collision ; VI. Particles do not collide with each other; VII. Gravity force is much less than the initial electrostatic force: q 0 E 0 À mg, where E 0 is the electric eld in the capacitor in the absence of powder, q 0 is the charge received by a particle upon collision with an electrode at electrical eld E 0 , m is the particle mass, and g is the gravitational constant; VIII. Adhesion forces between particles placed at the bottom electrode and between the particles and electrodes are neglected.
It will also be assumed below that the bottom electrode is charged positively and the top electrode is charged negatively, as shown in Figure 1 .
With these assumptions, the dispersion process can be described by the following equations:
In these equations, v C , v ¡; n C , and n ¡ are velocities and number densities of the positive (moving up) and negative (moving down) particles, respectively, E is the electric eld,´is the medium dynamic viscosity, h is the height above the bottom electrode, " is the dielectric constant of the medium, " 0 is the vacuum permittivity, and E b and E t are electric elds near the bottom and top electrodes, respectively. Equations (1) and (2) are the motion equations for the positive and negative particles, respectively. Equation (3) re ects that all the particles that moved up continue moving down after a collision with the top electrode. Equation (4) is a continuity equation for the positive particles. A similar continuity equation for the negative particles follows from Equations (3) and (4). Equation (5) is the Maxwell equation for the averaged electric eld. Equation (6) shows the charge acquired by a spherical conductive particle in contact with one of the electrodes (Maxwell 1954) .
The equation system contains one rst-order differential equation and one unde ned parameter (const in Equation (4)), which could be determined as the eigenvalue of the system when 2 boundary conditions are speci ed. One of the boundary conditions can be de ned in the integral form
because in experiments, the voltage V 0 and not the electric eld between the electrodes is given. To identify the second boundary condition, it will be speci ed that the solution of interest is for the case of the maximum aerosol number density. In this case the electrostatic force at the bottom electrode is just suf cient to lift the particles, e.g., the second boundary condition is
To solve the system of equations, Equation (1) is multiplied by n C , added to Equation (2), and multiplied by n ¡ :
According to Equation (3), the right side of Equation (9) is zero, and therefore
where n is the total number density of particles. The substitution of Equation (10) into Equation (5) gives
Equation (9) shows that the electric eld increases with the height, which is indicative of the formation of the distributed positive charge between the capacitor plates. To determine the type of the E(h) dependency, an explicit expression for n(E) is needed. From Equations (3) and (4), one can obtain
The values of v C and v ¡ expressed from Equations (1) and (2) are substituted into Equation (12), producing
[13] Equation (13) can be transformed into
The second term in the denominator in Equation (14) can be neglected because the gravity was assumed to be small compared to the electric forces (assumption VII). Taking into account Equation (6) and assumption VII, we also observe that q C =q ¡ D E (b) =E (t ) ¼ 0, and Equation (14) is simpli ed to
Using Equations (11) and (15), the general solution for the electric eld as a function of the height from the bottom electrode can be found:
Using the boundary condition at h = 0, Equation (8), we nd
[17]
Considering that the particle mass is small (assumption VII), we can assume that the electric eld near the bottom electrode, E b , is negligible compared to the eld at the top electrode, E t , or even to the mean value of the electric eld, E , in the capacitor. Therefore using h D 0 in Equation (16) we nd that C 2 ¼ 0.
Using the boundary condition in Equation (7) to determine constant C 1 in Equation (16), we nd the electrical eld distribution between the electrodes:
The distribution of the aerosol mass concentration can be found from Equations (11) and (18):
Equation (19) shows that the aerosol mass concentration decreases with the height above the bottom electrode, which is consistent with the experimental observation made by Colver (1983) . In deriving Equation (19), the electric eld at the bottom electrode was assumed to be in nitely small and neglected. As a result, Equation (19) predicts an in nitely large local aerosol mass concentration at h D 0 and therefore is not valid when h approaches zero. However, the total mass concentration of the aerosol can be found by integrating Equation (19) over the entire height, i.e., R h 0 0 B(h)dh, and this integral's value is limited. This value is the model's prediction for the maximum number density of the particles dispersed between the electrodes qualitatively introduced earlier. This maximum number density aerosol can indeed be produced if the overall mass of the powder placed on the bottom electrode exceeds the maximum mass M that can be aerosolized, M D S ¢ R h0 0 B(h)dh, where S is the area of the bottom electrode.
As noted above, this effect is advantageous for an aerosol feeder since the maximum number density is maintained when the aerosol is removed from the capacitor, as long as the total mass of the powder on the bottom plate exceeds M. A secondary effect is that because of the change in the level of the powder on the bottom electrode, the effective distance between the electrodes, h 0 , slowly increases. Estimates show that the resulting decrease in the maximum number density of the aerosol that is produced is smaller than the experimental error in determining the aerosol number density.
Experiments have shown that indeed, a steady, maximum concentration of aerosol could be achieved at each selected combination of the interelectrode distance and voltage, making this setup very useful for the aerosol combustion experiments (e.g., described below). Note that the maximum electric eld E 0 D V 0 =h 0 in the capacitor is limited by the gas electric breakdown voltage V 0 , which ultimately determines the maximum aerosol mass concentration at a xed distance between the electrodes.
In our practical design of the dispersion system, the aerosol jet exits from the capacitor through a hole in the top electrode so that B(h 0 ) gives the aerosol mass concentration immediately above the hole. The experiments used spherical aluminum powder with the nominal particle sizes of 10-14 ¹m (98% pure, by Alfa Aesar). The measurements of the aerosol mass concentrations were made at a distance of h 0 D 6 mm and a voltage set at 1.5 kV and 3 kV. These experimental parameters were selected to produce aerosol appropriate for the combustion measurements described below. The particle number densities at these parameters are fairly high and strictly speaking particle collisions cannot be neglected. However, if the number of particle-particle collisions is relatively small, the particles collide mainly near the bottom electrode where particle number density is at its maximum. The small, near-electrode region can therefore be excluded from the analysis so that the distribution of the aerosol concentration in the rest of the capacitor's volume can still be determined by Equations (1)-(6). Therefore it is reasonable to expect that even at moderate numbers of particle-particle collisions, Equation (19) will qualitatively describe the distribution of the aerosol mass concentration. The estimated aerosol mass concentrations as a function of the distance between electrodes and the experimental results of the aerosol jet mass concentration measurements near the nozzle are shown in simpli ed assumptions made to derive the presented model, the agreement between the measured and calculated concentrations appears to be quite good.
EXPERIMENTAL CHARACTERIZATION OF THE PREMIXED LAMINAR ALUMINUM AEROSOL FLAMES

Qualitative Flame Stabilization Mechanism
The aerosol feeder developed in this work was used to produce and experimentally characterize laminar steady ames of metal aerosols. When the aerosol jet exiting the chamber is ignited, a lifted ame is produced. The ame's position can be stabilized by adjusting the aerosol number density and gas velocity. If the ame propagation velocity is v f , the position of the lifted premixed ame can be stabilized when
where v a is the velocity of the particle-laden jet exiting the nozzle, and v s is the velocity of the gas shroud. The slower shroud gas decelerates the aerosol jet, and the ame stabilizes at a height where the aerosol jet velocity becomes equal to the ame propagation velocity. In our experiments at different ow rates and aerosol number densities, the height of the ame stabilization could be varied from 3 mm to 5 cm above the nozzle for both premixed and diffusion aerosol ames. The diameter of the particle-laden jet at a constant temperature does not change with the height because aerosol particles do not diffuse. Therefore as the aerosol jet velocity decreases with the height, the local aerosol mass concentration and number density increase due to the continuity of the aerosol mass ow. Different metal aerosol ames, including premixed ames of Mg-air, Mg-O 2 -CO 2 , Ti-air, Zn-O 2 , Al-O 2 , Al-air, and Al-Mg alloys-air, and diffusion ames of Al-O 2 , Ti-O 2 , and Zn-O 2 , have been produced using the described burner. Only preliminary results on the premixed Al-air ames (with air fed to both aerosol jet and shroud gas) are described below.
Diagnostics Used for Flame Characterization
A schematic diagram of the diagnostic setup used for the aerosol ame characterization is shown in Figure 3 . It includes optical diagnostics and a system for collection of aerosol and combustion products.
Prior to the ame characterization, the particle velocities at different distances from the nozzle were measured for the room temperature aerosol jet. A 2 cm high and 40 ¹m thick vertical laser sheet was formed using a 5 mW diode laser (635 nm wavelength) and a set of spherical and cylindrical lenses. The laser sheet was placed at the middle of the aerosol jet so that the laser radiation illuminated the moving particles. The particle streaks were recorded using a 3 CCD digital video camera (Panasonic AG-EZ30P). The camera was equipped with 2 closeup lenses with the common focal distance of 10 cm. The ratios of the streak lengths to the frame exposure time gave the particle velocities at different locations (heights). An example of the determined particle velocities as a function of the distance from the nozzle is shown in Figure 4 . The velocities of different particles at the same horizontal level were observed to be very close. Therefore the initial nonuniformity in the particle velocities at the exit from the electrostatic dispersion system reported by Colver and Ehlinger (1988) did not noticeably affect the particle motion at the heights where the measurements were made.
To determine the aerosol particle feed rate, a 4 cm diameter plastic tube was placed above the nozzle. An intake side of a ow-through Whatman #1 paper lter was attached at the end of the tube, and the outlet of the lter was connected to a vacuum pump. The powder mass collected in the lter during a speci ed time period was determined and the aerosol mass feed rate was computed. In addition, the gas ow rate through the nozzle was measured (using owmeters in the gas-input lines) and the aerosol concentration at the nozzle was computed. Local aerosol concentrations at different heights were calculated from the experimental particle velocity pro les and considering the aerosol mass ow continuity.
The images of the lifted metal aerosol ames were recorded using the same digital video camera that was used for the cold aerosol jet velocity measurements. Neutral density lters were used in some experiments to attenuate the ame radiation. Adjustment of the frame exposure time made it possible to register the tracks of cold aerosol particles under the ame, overall time-averaged ame shape, and transient details of the ame structure. The image processing yielded the information on the average particle combustion time, ame velocity, and individual particle ame sizes.
The combustion products were collected with the same aerosol collection system that was used for the collection of cold metal aerosol. The phase compositions of the collected combustion products were analyzed using the x-ray powder diffraction technique.
The ame temperatures were measured using a 3 color optical pyrometer used in our previous research (e.g., Dreizin 1996 Dreizin , 1999b . Light intensities were measured at the 500, 568, and 610 nm wavelengths chosen for characterization of the Al-air ames and corresponding to the continuous spectrum emission for the Al-O system (Pearce and Gaydon 1976) .
Characterization of Premixed Aluminum-Air Flame
Two aluminum powders (supplied by Alfa Aesar) with nominal particle sizes of 10-14 ¹m (spherical Al, 98% pure) and 17-30 ¹m (spherical Al, 99% pure) were used in these experiments. The aerosol jet was ignited using a small diffusion natural gas-oxygen ame that was removed immediately after the aerosol ignition. A transparent 8 cm high duct with a rectangular 4 £ 4 cm cross section made of 0.5 mm thick polycarbonate lm was placed around the aerosol jet to protect it from occasional air drafts.
Steady-state, lifted, laminar Al aerosol ames were obtained with the nozzle diameters of 0.8 and 1.6 mm. Note that the formation of stable aerosol ames with a batch of powder loaded on the bottom electrode, e.g., without a continuous powder feed system, indicates that a constant aerosol concentration was indeed achieved within the capacitor as discussed above. While the height of the ame stabilization could be adjusted by adjusting both high voltage and gas ow rate, all the measurements described below were conducted at a height of 5 mm. Only fuel-rich ames (with the equivalence ratios of Á > » 4) could be stabilized for the aluminum powders used in these experiments. This appears to be reasonable because of the small size of the ame (about 2 mm diameter and 3 mm height) and therefore signi cant heat losses from its surface. At the same time, the small ame size resulted in signi cant oxidizer diffusion from the ame sides, in addition to the oxidizer supplied within the aerosol jet. Therefore the nal equivalence ratio was effectively decreased due to this additional oxidizer in ux.
The minimum Al aerosol mass concentrations at which the ames could be stabilized above the 0.8 mm diameter nozzle were 2.2 § 0.3 kg/m 3 and 3.5 § 0.5 kg/m 3 for the powders with nominal particle sizes of 10-14 ¹m and 17-30 ¹m, respectively.
Two approaches have been used to evaluate the aerosol ame velocity. In the most simple case, the ame velocity could be assumed to be equal (with the opposite sign) to the velocity of the Figure 4) were used. In another approach, the streaks of the cold particles entering the ame zone were used. The aerosol particles in the vicinity of the ame front were illuminated by the ame radiation so that their streaks became visible for the video-recording, as illustrated in Figure 5 . The streaks showed a laminar ow pattern without visible recirculations that normally stabilize the ame in the Bunsen-type burners (Lewis and Von Elbe 1987) . The particle trajectories diverged from the centerline because of the thermal expansion of the jet approaching the ame. At the same illumination, but at exposures shorter than in Figure 5 , the recorded streak lengths were shortened and the ame velocity could be calculated using the length of the streaks in the area adjacent to the ame front. No vertical acceleration of the particles as a result of their approaching the high temperature ame zone was observed even for the regions for which signi cant horizontal expansion of the jet was visible. For the 10-14 ¹m Al powder at the low aerosol concentrations (e.g., 2.5 kg/m 3 ) the 2 ame velocity evaluation methods discussed above gave the same velocity of v f D 30 § 3 cm/s for both 0.8 mm and 1.6 mm diameter aerosol jets. For the 17-30 ¹m Al powder, both techniques yielded the ame velocity of v f D 15 § 3 cm/s.
For comparison, the ame velocities of v f D 40 cm/s and v f D 13 cm/s were measured for the burning in microgravity stoichiometric Al-air clouds of 10 ¹m and 40 ¹m diameter particles, respectively (Ballal 1983) . Although the aerosol mass concentrations used in this work and by Ballal (1983) differ signi cantly, the ame velocities can be compared directly according to the experiments by Goroshin et al. (1991) , showing that the ame velocities are not sensitive to the aerosol concentration (varied in Goroshin et al. (1991) from the stoichiometric to almost twice the stoichiometric value). Consistent with those observations, a twofold increase in the aerosol mass concentration in this work did not result in a measurable change in the ame velocity. Multiple streaks that appear as shooting from the ame visible in Figure 5 indicate a number of the rapidly moving burning particles. The velocities of these particles were estimated from the streak lengths to be about 5-10 m/s. It is likely that these particles are accelerated as a result of asymmetric combustion described earlier for single aluminum particles (Dreizin 1996 (Dreizin , 1999b .
The overall ame shape and the radiation pro le have been obtained using a relatively long exposure time (e.g., 1/500 s). To avoid saturation of the image, a very small aperture and neutral density lters were used. Figure 6 shows an example of the resulting shape for a ame of 10-14 ¹m particles Al aerosol stabilized above the 0.8 mm diameter nozzle at a mass concentration of 2.5 kg/m 3 . The overall ame height is about 3 mm. To estimate the combustion time of an individual particle, the ame height and an average particle velocity of 0.3 m/s could be used. Thus the particle combustion times are around 10 ms. This estimate gives the maximum particle combustion time because the total ame height could be affected by the larger size particles and because of the possible vertical gas acceleration within Figure 7 . X-ray diffraction spectra of aluminum combustion products. the hot ame zone. These combustion times are several times longer than those reported previously for similar size single aluminum particles (Friedman and Macek 1963; Macek 1967) . The difference could be due to the slower oxygen diffusion rate to the particles burning within the ame as compared to single particles.
The ame temperatures measured with 3-color pyrometer were 2800 § 150 K, close to the temperatures characteristic of stage II of aluminum particle combustion measured for the single 165 ¹m diameter Al particles burning in air using the same color pyrometer (Dreizin 1996) . For comparison, the adiabatic temperature of the stoichiometric aluminum-air ame calculated using the Air Force Avionics Laboratory (AFAL) equilibrium code (Selph and Hall 1992 ) is 2770 K.
The product particles recovered from the lter have been qualitatively analyzed using x-ray diffraction. A sample x-ray diffraction spectrum is shown in Figure 7 . It was observed that the products contained a mixture of oxide ±-Al 2 O 3 and oxynitride ±-Al 96 O 288 N 4 . In addition, noticeable amounts of unreacted aluminum were detected.
Some of the details of the ame structure were visualized using video recording with a short exposure time of 1/8000 s. At the lower aerosol number densities, individual particle ames were clearly visible in the obtained images, as illustrated in Figure 8 . Image processing has shown that the average diameter of the visible individual ames is 290 § 10¹m. The corresponding average ame standoff ratio was surprisingly highabout 20. For comparison, the experimental results on single aluminum particle combustion reported earlier have found the ame standoff ratio of about 3-5 (Wilson and Williams 1971; Dreizin 1999a; Bucher et al. 1999) . The theoretical models of individual Al particle combustion, e.g., Law 1973 Law , 1976 and Brooks and Beckstead (1995) , predicted the ame standoff ratio of <9. Note that for the single aluminum particle ames, the ame size was not observed to increase at the lower ambient oxygen concentrations (Macek 1967) , which are expected to exist inside the lifted aerosol ames studied in this work.
CONCLUDING REMARKS
A new device for producing laminar aerosol jets is designed, built, and tested with metal powders. The developed device enables one to produce laminar aerosol jets with mass concentrations as high as 20 kg/m 3 . The experimental range of the particle sizes that can be aerosolized and fed into the jet using the electrical particulate method is from 1 ¹m to 1 mm. A simpli ed theoretical model considering the effect of shielding of the applied electric eld by the particles aerosolized in a parallel plate capacitor is developed. It is shown that the magnitude of the applied DC eld limits the mass of the powder that can be aerosolized within a parallel plate capacitor. Therefore when aerosol is removed from the capacitor, a constant number density aerosol jet can be produced if the powder mass preloaded in the capacitor exceeds that maximum mass of powder that can be aerosolized.
The developed apparatus can be useful in experimental studies involving aerosol ows of varied number densities and in technological applications that rely on the continuous supply of the aerosolized particulate matter.
An important advantage of the new experimental setup for the aerosol combustion studies is the possibility to produce lifted aerosol ames. Such lifted ames are not affected by the construction and material of the burner nozzles and enable one to observe processes in the preheat zone under the ame, unlike the Bunsen-type aerosol ames or other ames stabilized on a physical ame holder. The design and parameters of the developed aerosol feed system enable one to produce and study a variety of small scale, optically thin laminar ames. For the rst time, it became possible to observe separate individual particle ames within the steady aluminum aerosol ame. Overall ame shape was also visualized, ame propagation velocity and particle burn times were evaluated, and asymmetric combustion of aluminum particles was observed.
Because the dimensions of the produced aerosol jets were small, the visible ame velocity determined experimentally was affected by the boundary conditions; however, the processes affecting the ame velocity were the same as for the large-scale aerosol ames. Therefore a close agreement is expected between the ame velocities measured using the new burner and the ame velocities for the larger scale combustion systems. Because of its ability to work with a wide range of aerosols, the new experimental setup can be used as a convenient tool for comparisons of the ame structures and propagation velocities for the aerosols of particles of different materials and sizes.
